We study the pattern speed of the bar in NGC 7479 by comparing observations with numerical simulations of gas flow in a two-dimensional gravitational potential, derived from observations. The best agreement between the observations and the modelling is achieved for the fast bar pattern speed of 27 km s ¹1 kpc ¹1 , when the corotation radius is at 50 arcsec, i.e. 1.1 times the radial length of the bar. This result is supported by the gas and dust lane morphologies, star formation distribution, projected velocity field and overall morphology. We find that star formation is most likely to be triggered close to the large-scale shocks and dust lanes in the bar. The net gas inflow rate in the simulations at 1-kpc radius is 4-6 M ᭪ yr ¹1 at intermediate times.
I N T R O D U C T I O N
Bar pattern speed is one of the most important parameters that determines the dynamics of disc galaxies. In the linear regime, i.e. for a weak bar, the pattern speed of the bar and the galactic rotation curve define the locations of the major dynamical resonances, such as the outer Lindblad resonance (OLR), the inner Lindblad resonance(s) (ILRs) and the corotation resonance (CR). For stronger bars, when the strength of the non-axisymmetric perturbation exceeds 5-10 per cent of the axisymmetric force, the linear theory provides a rough approximation at best, and the true positions of the resonances can be found only through a nonlinear orbit analysis (e.g. Sellwood & Wilkinson 1993; Knapen et al. 1995) . If the outer spiral structure in the disc is driven by the bar and rotates with the same angular speed, knowing the pattern speed and the Keplerian rotation allows one to estimate the impact velocities of interarm material with spiral arms.
In this paper we determine the pattern speed of the stellar bar in the strongly barred spiral galaxy NGC 7479. This is a relatively nearby galaxy with v sys = 2371 km s ¹1 (Laine & Gottesman 1998) ; 1 arcsec corresponds to 0.16 kpc at this distance, using a Hubble constant H 0 ¼ 75 km s ¹1 Mpc ¹1 . The outer spiral structure of NGC 7479 is very asymmetric, and dominated by a strong western arm (Laine & Gottesman 1998) . NGC 7479 is classified as an SBbc (de Vaucouleurs et al. 1991 ) galaxy and its nucleus shows both LINER (Keel 1983 ) and starburst (Devereux 1989) activity.
Because the bar provides a strong non-axisymmetric perturbation in this object, we apply non-linear methods based on the observed mass distribution in the galaxy. In the following, we summarize some of the most commonly used methods to derive a pattern speed.
One can use the continuity equation (Tremaine & Weinberg 1984) to derive the bar pattern speed. This method works best for SB0-type galaxies (Kent 1987; Merrifield & Kuijken 1995) . NGC 7479 does not appear to obey the continuity equation, as shown by abundant star formation in the bar region and a stark contrast between its H i and H 2 distributions. Canzian (1993) introduced a method based on streaming motions in a symmetric spiral galaxy. Since the spiral structure of NGC 7479 is strongly asymmetric and does not have a clear grand design m ¼ 2 structure, the application of this method to the data is questionable. Kalnajs (1978) originally suggested a related method, wherein one looks for the change of direction of radial streaming motions across the spiral arms. This change will take place at the corotation radius. This method has been applied to M100 by García-Burillo, Sempere & Combes (1994) . The considerable asymmetry in the arm structure of NGC 7479 prevents the application of this method.
The dynamical resonances are expected to produce gaps, spurs, bifurcations, kinks, dips of massive star formation efficiency, dust lane cross-over points, etc., in the spiral arms (Elmegreen, Elmegreen & Seiden 1989; Elmegreen & Elmegreen 1990; Knapen et al. 1992) . However, Knapen's (1992) measurements revealed a lack of any symmetry in the pattern of star formation in NGC 7479 along the arms on the western and eastern sides. Therefore, we cannot apply this method to determine the pattern speed in NGC 7479.
If the gravitational potential of the galaxy can be estimated from the conversion of optical or near-infrared (NIR) luminosities to a mass distribution, numerical simulations of the gas flow in this nonaxisymmetric potential can be performed. Using a grid of different pattern speeds for the bar, one can compare the observed morphology with that obtained numerically. This approach has been taken by Sempere et al. (1995a) and Sempere, Combes & Casoli (1995b, hereafter SCC) for both NGC 4321 and NGC 7479, by Lindblad, Lindblad & Athanassoula (1996) for NGC 1365 and by Lindblad & Kristen (1996) for NGC 1300. In this paper, we employ this method to obtain the bar pattern speed of NGC 7479. Based on the asymmetric azimuthal optical profiles across the strong arm, del Rio (1995) located the CR radius at 85 arcsec from the centre of NGC 7479; the end of the bar was placed at 59 arcsec. Elmegreen & Elmegreen (1995) concluded that the ends of two strong, symmetric spiral arms in disc galaxies mark the location of the CR. For NGC 7479, the CR should therefore be between 74 and 106 arcsec. Finally, based on sticky particle simulations, SCC found the CR at 9 kpc, which at their assumed distance of 32.7 Mpc corresponds to about 57 arcsec. Their simulations used a potential from an R-band image.
NGC 7479 has been mapped recently with high-resolution H i (Laine & Gottesman 1998), CO (Laine et al., in preparation) and optical and NIR (Laine 1996; Quillen et al. 1995) observations. Its bar is relatively long (radius 45 arcsec : Laine 1996) and dominates the optical and NIR luminosities. These observations will be used to constrain the numerical simulations presented in this paper.
T H E M O D E L A N D T H E M E T H O D
An important goal of this investigation is to model the gas flow in the estimated gravitational potential of NGC 7479. Ideally, one would like this to be fully self-consistent, i.e. using a self-gravitating mixture of gas and stars. In practice, finding the initial conditions that lead to a reasonable representation of a particular galaxy is very difficult and time-consuming. However, simulations of the gas behaviour in fully self-consistent potentials have been made by several authors (Shlosman & Noguchi 1993; Friedli & Benz 1993 Heller & Shlosman 1994; Knapen et al. 1995) .
For NGC 7479, we use a realistic potential derived from observations, and study the gas behaviour in this potential. The best approximation to the stellar mass distribution is obtained from NIR images, especially those in the K-band. It has been shown that the K-band luminosity traces the stellar mass in various components, such as bars and spiral arms (Rix 1993) , except in the starburst regions, where the luminosities are very high (Oliva et al. 1995; Knapen et al. 1995) . It should be noted that the value of the mass-to-luminosity (M/L) ratio is likely to be constant across most of the disc of the galaxy, because the time-scale for mixing is relatively short. This constant can be determined by matching the observed rotation curve to the one given by the potential.
The potential used in our simulations was taken from the work of Quillen et al. (1995) , and the details of its derivation are given in Quillen, Frogel & González (1994) and Quillen et al. (1995) . Quillen et al. (1995) fixed the M/L ratio to 1.35 by matching the potential to the maximum velocity of the rotation curve. As this value is expected to be constant across the disc (see above), it was not varied in our simulations. The potential neglects the threedimensional nature of the small bulge and of the inner disc in NGC 7479, and therefore is not accurate within the bulgedominated region (8 arcsec or ϳ1:3 kpc from the nucleus.) This is an important region if one wants to study the nuclear gas flows, but for the purposes of obtaining the pattern speed its influence is secondary. The adopted gravitational potential was fitted by Quillen et al. (1995) only out to 10 kpc, which includes the entire bar, but only part of the outer spiral arms. The potential is given in the Fourier components by We used a two-dimensional version of the smoothed particle hydrodynamics (SPH) code described in Heller & Shlosman (1994) with 20 480 gas particles to evolve the gas distribution. Gravitational interactions were ignored in the gas. An isothermal equation of state was used for the gas with a temperature of 10 4 K representing random motions of molecular clouds in the disc. The simulations were started from a circular disc with a radius of 10 kpc and a constant surface density, which was derived from the total mass of the molecular gas, 4:0 × 10 9 M ᭪ (Laine et al., in preparation) . The bar potential was introduced gradually, by multiplying the nonaxisymmetric terms of the potential by the function
where t bar is the time at which the bar forces are fully imposed. We did not include any star formation prescription during the course of a simulation, but subsequently analysed the frames at different times for star formation, as described in Section 3.1. To test the model for resolution effects, the particle number was reduced by a factor of 2, with little observed change in the gas and star formation morphology. The viscous effects were estimated by increasing the viscosity from the standard values of (a, b) ¼ (0.5, 1.0) to (1.0, 3.0) [see Hernquist & Katz (1989) for definition of viscosity coefficients a and b]. The larger viscosity coefficients prevented the formation of the leading edge gas morphology and led to a rapidly evolving gas distribution (viscous inflow). Under these conditions, we were unable to match the observed gas morphology to the model at any instant of time. We also varied the bar turn-on time. In a test simulation where the bar forces were added in full in approximately one bar rotation period (t bar ¼ 7) instead of the usual two rotations (t bar ¼ 13), the evolution proceeded much faster, as expected. At later times, after a quasi-steady-state configuration was achieved, this test model showed a bar morphology similar to that of the standard model.
The morphology of the gas response to the full gravitational perturbation of the stellar bar is expected to reach a steady state shortly after the full turn-on of the bar when the background potential becomes time-independent. Because the gas distribution in all models becomes more centrally concentrated with time (gas inflow to the centre), the amount of gas in the outer bar region and the gas inflow rate to the centre decline. SPH particle injection at the outer boundary to compensate for this effect is not a trivial procedure and no such attempt was made in simulations. However, a more fundamental test for the steady state is the prevailing gas morphology, including the positions and shapes of shocks. Comparison between the model frames at different times showed that the basic morphology of the gas response did not change after about t ¼ 13 and up to t ¼ 26. In fact, very little change occurred after t ¼ 7. Based on the morphological comparison we conclude that a steady state in the morphology, apart from the net gas inflow, was indeed achieved in all the models in this time interval.
R E S U LT S
The gas flow in the derived potential was studied using a grid of different bar pattern speeds. The resulting frames were compared with the observed gas morphology. The results from some runs are shown in Figs 2-4, where we have chosen to show one representative frame at times t ¼ 14-16, soon after the full bar perturbation was imposed, and another frame at late times of the simulation, t ¼ 24-26. The model gas distribution is compared with observed gas and dust lanes in Fig. 5 , and the star formation distribution from the model is compared with the observed Ha distribution in Fig. 6 .
Pattern speed from the simulations
To find the pattern speed of the bar that best supports the observed gas morphology in NGC 7479, we compared the model frames with the observed gas/dust lane morphology (Fig. 5) , the velocity field and the star formation distribution (Fig. 6) , paying special attention to the dust lane structure in the bar. In the following, we present the main arguments for a high bar pattern speed (Q p = 27 Ϯ 2 km s ¹1 kpc ¹1 ). The error estimate is conservative and, owing to the grid spacing of the models that we studied, about 2 km s ¹1 kpc ¹1 . First, we find that the straight part of the dust lane in the bar (crossing the nucleus) extends to progressively smaller radii as the pattern speed is increased. This can be seen in Figs 2-4 , but the differences were even more dramatic in the lowest pattern speed we tried, 18 km s ¹1 kpc ¹1 , where the unprojected length of the central straight section of the gas/dust lane was around 0.6 in the frame units (or 40 arcsec; one frame unit equals 10 kpc). At our best pattern speed, 27 km s ¹1 kpc ¹1 , this length reduces to about 0.4 frame units or 25 arcsec, unprojected. Fig. 5 shows our best model projected to the orientation of the galaxy (position angle 22Њ and inclination 51Њ) with a pattern speed of 27 km s ¹1 kpc ¹1 , compared with the observed CO gas distribution and the near-infrared J ¹ K colour which reveals the dust lanes. The straight segment of the gas/ dust lane crossing the nucleus shortens down to about 22 arcsec (0.35 in the frame units) when projected for the orientation of NGC 7479. The CO observations together with the NIR colours and the Ha image (Fig. 6) show that the straight part in the centre, connecting the leading gas/dust lanes to the outer parts, is about 20-25 arcsec in length. This could be obtained only for the relatively high pattern speed, around 27 km s ¹1 kpc ¹1 .
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᭧ 1998 RAS, MNRAS 297, 1052-1059 ). For low bar pattern speeds the spiral arms start almost perpendicular to the bar, in contradiction to observations. When the pattern speed is high, the gaseous spiral arms are not connected to the end of the bar gas/dust lanes. Instead, they start at a radius closer to the nucleus, running almost parallel to the straight dust lanes in the bar, but leading them in the direction of bar rotation. A similar behaviour can be seen in Ha and U-band images of NGC 7479. At later times these features are weak since practically all the gas has been driven close to the nucleus.
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᭧ 1998 RAS, MNRAS 297, 1052-1059 Fourthly, the distributions of star formation in the models and the observations are similar. Using the analytic potential and the SPH quantities stored for each frame, we have computed the instantaneous spatial distribution of star formation sites, based on several star formation criteria. These included (1) the Jeans instability in a rotating disc by applying the Toomre criterion (shown in Fig. 6 ; more details in Heller & Shlosman 1994) and (2) the Schmidt power-law dependence on the gas density. These criteria show varying degrees of star formation, but agree in the general morphology which stays basically unchanged between t ¼ 13 and 26.
We found that the star formation is located very close to the linear offset gas/dust lanes, which extend closer to the nucleus as the bar pattern speed is increased. The best agreement with the observed star formation distribution (Fig. 6 ) is achieved once again for Q p ¼ 27 km s ¹1 kpc ¹1 . For higher and lower Q p the star formation has a central straight part which is shorter (for higher pattern speeds) or longer (for lower pattern speeds) than observed. Although the star formation in the models is often seen to be more centrally concentrated than the observed Ha distribution, there is no well-defined central peak of star formation. At least part of the weak observed Ha flux from the nucleus is explained by heavy dust obscuration there. A diagram of the various frequencies associated with resonances is shown in Fig. 7 . Although the linear diagram in Fig. 7 allows for the existence of ILR(s) within the inner ϳ700-800 pc from the centre, this cannot be verified without a non-linear orbit analysis, as the bar perturbation is so strong. Unfortunately, the stellar distribution is likely to be markedly three-dimensional in this inner region. Therefore, the adopted two-dimensional approximation to the gravitational potential breaks down at these small radii, making any conclusions regarding ILR(s) in NGC 7479 unreliable.
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Shocks and gas inflow rate
Next we examine the shock structure in the bar. Although the emission across the dust lane is only marginally resolved in the CO and Ha observations of the velocity field (Laine et al., in preparation) , these observations suggest strong shocks in the gas/dust lanes.
In Fig. 8 we present some representative plots of the shocks in the model gas distribution. The shocks appear to trace the gas/dust lanes well. In contrast, the shock morphology for the lower pattern speed values appears chaotic, and no systematic 'lanes' are seen. The radial velocity difference between the inflowing and outflowing material in the bar at intermediate bar radii is 250-300 km s ¹1 in our models. This could account for some of the observed strong velocity gradient in position-velocity plots made across the bar (Laine et al., in preparation) . This range is fairly independent of the bar pattern speed, although the detailed circulation shows that the curvature in the apocentres is larger for the lower bar pattern speeds. A typical drop in the magnitude of the velocity across the shock front is of the order of 100 km s ¹1 in the models. The average mass inflow rate in a low bar pattern speed (18.0 km s ¹1 kpc ¹1 ) simulation between times t ¼ 15 and 20 is ϳ6 M ᭪ yr
¹1
at 1-kpc radius. For the high pattern speed (27.0 km s ¹1 kpc ¹1 ) model, the average mass inflow rate in the same time interval is ϳ4:5 M ᭪ yr ¹1 at 1-kpc radius, neglecting any gas loss owing to star formation. High inflow rates have been cited in the literature (e.g. Athanassoula 1994), and were also found by Quillen et al. (1995) , who estimated the inflow rate in the bar of NGC 7479 as 4 Ϯ 2 M ᭪ yr ¹1 , based on the gravitational torque on the gas. These high inflow rates indicate that substantial feeding of the central kiloparsec is taking place. Friedli & Benz (1993) found that the gas inflow rates are higher for strong bars than for weak bars. The relationship between the bar strength and star formation activity in late-type barred galaxies has been recently discussed by Martinet & Friedli (1997) . They conclude that young, strong and long bars have the most active star formation in the bar.
D I S C U S S I O N

Pattern speed and dynamical resonances
The models presented above provide circumstantial evidence that the pattern speed in NGC 7479 is high. We will now briefly discuss the implications of the model results.
Several of the earlier investigations have revealed that many bars are rotating rapidly, i.e. their corotation radii are about 1.2 times the bar length. The previous study by SCC, using techniques similar, but not identical, to the ones employed here, obtained a pattern speed of 30 km s ¹1 kpc ¹1 for the bar in NGC 7479. Our modelling indicates a pattern speed that is lower by about 10 per cent. However, the rotation curve adopted by SCC differs from ours.
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᭧ 1998 RAS, MNRAS 297, 1052-1059 Figure 7 . A diagram of the frequencies associated with the axisymmetric component of the potential. The angular rotation frequency, Q, is the solid line, the dashed line represents Q ¹ ðk=2Þ, the dotted line is the pattern speed Q p = 27.0 km s ¹1 kpc ¹1 and the dash-dotted line is Q þ ðk=2Þ. The data for the Q þ ðk=2Þ curve come from the H i observations (Laine & Gottesman, in preparation) ; the others were derived from the potential and pattern speed in this paper. When our rotation curve is used with SCC's CR radius, their pattern speed is around 24 km s ¹1 kpc ¹1 , practically within the error limits of our pattern speed determination.
If we place the end of the bar at around 45 arcsec, as suggested by the optical images discussed in Laine (1996) , our favoured pattern speed of 27 Ϯ 2 km s ¹1 kpc ¹1 results in a corotation radius of around 1:1 Ϯ 0:1 times the bar radius, which is in the range 1:2 Ϯ 0:2 times the bar radius, empirically predicted by Athanassoula (1992) . A similar result for the barred SB0 galaxy NGC 936 has been found recently by Merrifield & Kuijken (1995) , using a different technique, based on the application of the TremaineWeinberg method (1984) . and Lindblad & Kristen (1996) have used a method similar to ours (although with a different hydrodynamic scheme) to determine, among other things, the pattern speed in NGC 1365 and NGC 1300. They find the corotation radius at 1.21 times the bar radius in NGC 1365 and two 'best models' for NGC 1300 with corotation at 1.3 and 2.4 times the bar radius, respectively.
Our results support the arguments in favour of fast rotating bars. Recent work by Sellwood & Debattista (1996) confirmed the earlier estimates by Weinberg (1985) that stellar bars slow down dramatically as a result of dynamical friction with galatic haloes. Such evolution presents a problem in view of bars observed to extend more or less to corotation, i.e. being maximally rotating. We note that the bar in NGC 7479 appears to be relatively young (perhaps less than 10 9 yr: Laine 1996), but it is unlikely that all the barred galaxies for which high bar pattern speeds have been found are so young. The resolution of this paradigm will require further research.
Recently, Puerari & Dottori (1997) have reported supporting evidence for the leading nature of the spiral arms in NGC 7479, as first suggested by Beckman & Cepa (1989 . This evidence comes from azimuthal profiles taken across the galaxy in the optical B and I bands, and considering their relative displacements. The I band presumably traces the density wave and the B band the star formation ridge. Puerari & Dottori (1997) find a corotation at the end of the bar close to the location of the corotation that we determine in this paper, but they also report a second corotation in the middle of the large-scale bar at rϳ 23 arcsec. The spiral arms are presumably leading, but from their diagrams it appears that the change in the dust lane morphology to leading along bars has been neglected. Their azimuthal profiles do not extend very far along the radius. The asymmetric spiral structure makes the application of their method to NGC 7479 very questionable and the dust structure, as seen in the Hubble Space Telescope (HST ) images, is very complex and may cause additional uncertainty. None the less, we have run several models in the direction where the spiral arms would lead. We were unable to find any pattern speed that produced a reasonable representation of the observed morphology. Therefore, our simulations do not support a leading spiral structure in NGC 7479.
As we have explained earlier, the existence of the ILRs in NGC 7479 remains uncertain because the gravitational potential used in this study cannot be applied so close to the rotation axis. The location of other resonance regions, such as the ultraharmonic inner 4:1 resonance or the OLR, are also of interest. Since the bar disturbance is relatively small at the large radii of the OLR, the OLR may be obtained from the linear theory. However, some uncertainty for NGC 7479 is brought about by the large velocity disturbances in the western spiral arm. Using the H i rotation curve (Laine & Gottesman 1998) , which agrees relatively well with the Quillen et al. (1995) rotation curve in the region of overlap, we found the radius of the OLR region to be 95 arcsec or 15 kpc. A large fraction of the spiral structure is outside this radius. According to the wave theory of spiral structure, a two-armed spiral in the stellar component in an isolated disc galaxy exists only between the inner and outer Lindblad resonances. NGC 7479 does not present a problem in this respect because the spiral structure is not clearly bisymmetric, there is evidence for an interaction-driven spiral structure (Laine & Heller, in preparation) , and the outer spiral structure in NGC 7479 is mostly seen in the Population I component (gas and young stars).
Association of gas, dust and star formation along the bar
The modelling has shown how the gas is driven to the observed structure, including, but not limited to, the offset bar shocks. Therefore, the association of gas and dust with star formation seems natural. The exact triggering method of star formation remains uncertain. The different star formation criteria that have been used trace the gravitationally unstable gas concentrations. The observed Ha emission seems to come somewhat downstream from the large-scale shock front in the bar (Laine et al., in preparation) . It would be valuable to study in detail the locations of shocks and star forming regions with high-resolution observations from the HST or ground-based telescopes with adaptive optics that can achieve resolutions down to 0.1 arcsec.
Some of the limiting factors of our numerical simulations include the use of the analytical, external potential instead of self-consistent gas-star gravitational interactions, and star formation. However, the self-consistent simulations in the 'live' environment have their share of difficulties, most notably the uncertain relationship between the initial conditions in the axisymmetric disc and the final 'steady' state following the bar instability. Star formation is another major issue introducing uncertainty into the modelling owing to its ability to change the evolution of a disc galaxy dramatically, as demonstrated by Heller & Shlosman (1994) .
In our simulations the potential beyond 10 kpc was neglected. It is possible, although unlikely, that the spiral structure could affect the evolution of the gas distribution and dynamics in the bar region. Finally, future work should be based on a three-dimensional model. The K-band image can only trace the potential in the nearly twodimensional disc component.
C O N C L U S I O N S
The simulations indicate that the gas observations can be explained best if the bar pattern speed is high, placing the corotation at 50 Ϯ 5 arcsec (1.1Ϯ0.1 times the bar length). The model with this corotation radius has offset leading gas/dust lanes that extend to within 10 arcsec of the nucleus, connected by a straight part crossing the nucleus, as seen in the observations. The velocity field along the bar matches that seen in the CO observations. Star formation takes place near the bar shocks, close to the largest gas concentrations, and has a morphology similar to the observations. The mass inflow rates at 1 kpc at intermediate times (6-8 × 10 8 yr from the beginning of the simulation) are around 4-6 M ᭪ yr ¹1 for all pattern speeds.
